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can become oversaturated, leading to an increase pressure
drop across the membrane and decreased cell performance
[14]. The reverse can also occur, leading to membrane fouling
or dry out, due to increased operating temperatures and
osmotic drag.
One of the widely used methodologies to design mem-
brane-less microfluidic fuel cells relies on the laminar nature
of the fluid flow in microscale devices, which are typically
characterized by a low Reynolds number: Re= rvLh/h (where
Lh = 4areachannel/perimeterchannel is the hydraulic diameter of
the channel, r is the fluid density; v is the speed; and h is the
fluid viscosity). In the simplest configuration, the fuel (Ex. for-
mic acid, methanol) and oxidizer (oxygen saturated acidic so-
lution) streams are fed through the separate arms of a T- or Y-
shaped channel (Figure 1) with the catalyst covered electrodes
placed on the opposite channel walls. Because at low Reynolds
numbers, the fluid motion is dominated by the inertial forces
rather than the viscous ones, turbulent flows are absent, and
the two redox streams (i.e., fuel and oxidizer) flow side-by-
side in the channel without mixing. Thus, the characteristic
laminar flow defines a virtual interface between the fluid
streams that plays the same role as a physical PEM. Besides
the elimination of the PEM and of the issues associated with
its long-term degradation, the co-laminar flow design is also
highly adaptable in terms of the fuels used [4]. In recent years,
research on this type of cells has led to designs with current/
power densities at levels that could warrant commercializa-
tion [15, 16].
Unfortunately, extensive studies of membrane-less cells
have also shown that they are characterized by relatively poor
fuel utilization [4, 16]. The reason for the relatively poor fuel
utilization is the diffusion limited mass transport near the
anode and cathode, which leads to the formation of a deple-
tion layer close to the electrodes following the initial reaction
of the fuel and oxidant streams with the catalytic surfaces
[17, 18]. A longer residence time achievable through low flow
rates allows the diffusional transport to partially overcome
these boundary layers. However, this comes at the expense of
decreasing the current density achievable. Moreover, the
increased residence time also allows increased diffusional
transport across the fuel/oxidizer interface and thus reactant
crossover, which is detrimental to the operation of the cell.
Increasing the flow rates increases the current density of the
device and also limits the reactant crossover. However, the
reduced residence times of the reactants near the electrodes,
results in poor fuel utilization, with a large fraction of the reac-
tants leaving the channel unused.
Since the introduction of the first membrane-less fuel cell
designs, a sizable body of research has been dedicated to opti-
mizing both the geometrical parameters, such as the aspect
ratio and electrode configuration of the simple T- and Y-
shaped channels, as well as the inlet flow velocity in order to
increase performance. However, the success in designing cells
with both high current/power densities, high volume energy
density, and efficient fuel utilization have met with limited
success [8, 18, 19]. Encouraging results have been reported in
designs that introduce modifications of the original geometry,
through: the fabrication of porous
electrodes to increase the contact area
between reactants and electrodes and
thus the fuel utilization [20, 21]; the
use of tapered channels [22] or
H-shaped bridges [23] to limit the
growth of the cross-over regions and
allow the channels to be made suffi-
ciently long for increased fuel resi-
dence time; or employing hydrody-
namic focusing in which buffer
supplied through a third inlet pushes
the reactant streams against the elec-
trodes [16]. In these studies notable
improvements in the fuel utilization
have been observed, while achieving
performances in the current and
power density comparable with those
reported for state-of-the-art mem-
brane-less designs using advanced 3D
anode electrode designs [24]. Also,
these microfluidic designs can be
operated at high fuel concentrations
and do not exhibit limitations related
with the carbon dioxide gas bubbles
accumulation near the cathode. How-
ever, some major drawbacks include
Fig. 1 (a) Basic design of the microchannel based fuel cell modeled; (b) surface oxidant concentra
tion along the electrochemical cell.
either the use of complex porous media or a greatly increased
device size leading to low overall volume energy density.
In this study, we present an alternative modality to increase
the efficiency of fuel consumption in membrane-less fuel cells,
that relies on controlling the fluid flow close to the electrodes.
A system of angled groove/ridges integrated on the bottom
or/and top surface(s) of the cell’s microchannel is used to
induce transversal flows and promote increased mass transfer
toward the electrodes. While the flow through the ridged
channel is still laminar in nature, the addition of the ridges
and the consequent introduction of a transversal component
to the otherwise longitudinal flow, increases the amount of
reactant that comes in contact with the catalytic electrode sur-
faces, overcoming the limitations imposed by the slow diffu-
sion-based transport. This type of flow modification involving
the generation of transversal flow components using fluid
structure interactions, is similar with successful strategies used
in some micro-scale mixers and reactors, in which the long
timescale associated with diffusion-based transport imposes
limitations on the efficiency of mixing and on the reaction
rates [25 27]. In our work, the length and orientation of the
ridges structures used is optimized to maximize the transver-
sal flow close to the electrodes and thus the fuel consumption
efficiency, while maintaining the integrity of the virtual mem-
brane at the liquid liquid interface between the reactants. The
analysis of the fuel/oxygen consumption rates indicates that
this strategy leads to a notably increased performance of the
cells in particular at larger flow rates where the strength of the
induced transversal flows is increased. Thus, this strategy pro-
vides a solution to the challenge of achieving both high fuel
utilization and high current density allowing the membrane-
less fuel cells to operate at higher reactant consumption rates
at the flow rates that are associated with large current densi-
ties. Moreover, this modification can be easily integrated with
previous approaches based on increasing the residence time of
the reactants in the channel. For example, we show that the
use of surface patterning together with hydrodynamic focus-
ing [8, 16] leads to a doubling in the fuel/oxygen consumption
compared with unmodified fuel cells. While the optimized
fuel cell is slightly more geometrically complex than pre-
viously studied microchannel cells, its fabrication is still well
within the means of multistep soft lithography methods [28].
ComputationalModeling
All the simulations used in these work have been done
using the Comsol Multiphysics Finite Element Analysis soft-
ware and its Chemical Engineering module. The fuel is
assumed to be 0.5M formic acid and the oxidant is dissolved
oxygen, both in 0.1M H2SO4 aqueous solution. The reactant
consumption rates are modeled as a function of the flow rate
through the channel. The data is analyzed in terms of the Pe´c-
let number (Pe= vLh/D, where v is the fluid speed; Lh is the
hydraulic diameter; and D is the diffusion constant). The Pe´c-
let number is a measure of the relative importance of the
advection and diffusion in chemical species transport. The
range of Pe´clet numbers used is typically between 500 and
2,500, and the flow is the low Reynolds number regime Re ~1.
For all our simulations, the height H of the channels is fixed at
100mm while their width W is changed to obtain different
aspect ratio channels. For each cell investigated, the maximum
channel length is calculated based on the channel width and
the Pe´clet number in order to limit the width of the diffusion
layer between the fuel and oxidant streams. This is necessary
to ensure that the fuel and oxidizer are confined to their corre-
sponding electrodes along the entire length of the channel, in
order to prevent reactant fouling.
Fluid Dynamics
In order to simulate the fuel and oxidant transport and con-
sumption through the cell, first the flow fields in each struc-
ture are modeled by numerically solving the Navier Stokes
equations of motion for an incompressible Newtonian fluid:
r
¶u
¶t
þ ðuÞu
 
¼ pþ h2u (1)
u ¼ 0 (2)
Here, u is the velocity vector, r is the fluid density, h is the
fluid viscosity, t is the time, and p is the pressure. The equa-
tions are solved for a steady state flow with no slip boundary
conditions at all surfaces and zero pressure at the outlet. The
mesh used is a free tetrahedral one with the maximum ele-
ment size less than 0.07Lh (where Lh is the hydraulic diameter
of the channel). In all the geometries used, the length of the
inlets is made long enough so that the fluid flow assumes a
fully developed Poiseuille flow profile, by the time it reaches
the main channel.
Species Transport and Chemical Reactions
Subsequent to obtaining the solution for the velocity field,
for each of the species involved the diffusion convection equa-
tion is solved:
¶ci
¶t
¼ Di2ci uci (3)
In the above equation, the index i indicates the fuel or oxidi-
zer, and ci and Di are the corresponding concentrations and
diffusions constant. For the fuel and oxygen diffusion coeffi-
cients we use 5 · 10–10 and 2 · 10–9m2 s–1, respectively [8]. The
concentrations of each species throughout the volume of the
channel are obtained using a free tetrahedral mesh with a
maximum size of 0.05Lh. The mesh used is finer than that for
the fluid dynamics to avoid numerical errors sometimes asso-
ciated with modeling the diffusion convection equation.
The chemical reactions at the catalytic surfaces and the con-
sumption of the fuel and oxidizer are modeled using negative
fluxes at these surfaces determined by the corresponding reac-
tion rate k and concentration c. The rate of oxygen reduction at
the cathode was calculated using the Butler Volmer equation
[8]:
kO ¼
i0
zF
ðeðanFhc=RTÞ eðð1aÞnFhc=RTÞÞ (4)
where kO is the surface reaction rate for oxygen reduction, io is
the exchange current density, z is the valence, F is the Faraday
constant, T is the temperature, a= 0.5 is the transfer coefficient
rate, n= 1 is the electron transfer number, hC= 0.6V is the
overpotential at cathode, and R is the universal gas constant.
Given that the oxygen reduction rate is the limiting step [5, 8],
the reaction rate for the fuel is adjusted to maintain global
charge neutrality, and the discussion below focuses on analyz-
ing the performance of the fuel cells in terms of oxygen utiliza-
tion.
Similar computational fluid dynamics models have been
previously used to model flows and chemical species distribu-
tion in channel based micromixers [26, 29]. In regard to the
addition of the surface reactions modeling the electrochemical
reactions occurring at the electrodes, the model used was vali-
dated against the experimental results reported by Jayashree
et al. [8] who used the same type of fuel, i.e., formic acid. For
flow rates of 0.8mlmin–1, we found a reactant utilization rate
of 7.9%, which is well within the reported experimental value
of 7.5+ 4% [8].
Discussion
Typical results showing the velocity field and the oxidant/
fuel concentrations in T shaped straight microfluidic channels
are shown in Figure 2. For all the unmodified straight channel
cells investigated, the velocity field has the expected fully
developed parabolic profile throughout the length of the main
channel. On the other hand, as a result of the combined effect
of the reactant advection/diffusion and reaction kinetics at the
electrodes the oxidant/fuel concentration profiles are more
complex. As described above, understanding the evolution of
the oxidant concentration throughout the channel is particu-
larly interesting as it provides a direct measure for the effi-
ciency of the cell.
In the cross-sectional maps of the oxygen concentration,
two distinctive features relevant to the performance of the cell
are observed. Firstly, at the interface between the fuel and oxi-
dant streams a diffusion layer forms
as the chemical species are carried
toward the outlet. The diffusion layer
assumes an hourglass profile being
wider near the top and bottom sur-
faces of the channel, where the flow
rate is at a minimum, and thinnest at
the center of the channel where the
flow rate is at a maximum. As shown
in Figure 3, the width of the diffusion
layer expands downstream in correla-
tion with the increased residence time
of the fuel/oxygen in the microchan-
nel. The observed width of the diffu-
sion layer close to the walls agrees
well with the experimentally deter-
mined power law [30], Dy~ (Dx)1/3,
where D is the diffusion constant and
x is the position along the channel.
The downstream expansion of the dif-
fusion layer is a limiting factor on the
length of the channels that can be
used as the reactant crossover to the
incorrect electrode has an adverse
effect on the functioning of the cell.
Based on the above power law depen-
dence of the width of the diffusion
Fig. 2 (a) Cross sections of the oxidant concentration at different positions along the channel (Pe´clet
number Pe=500); (b) close ups on the velocity field, the oxidant concentration, and the fuel concen
tration, respectively.
Fig. 3 Oxygen concentration line cuts through the middle of the cross
sections at different positions along the channel (Pe=500). As one
moves further downstream both the width of the diffusion layer (separat
ing the fuel and oxidant streams) and the width of the barrier layer next
to the electrodes increase.
layer, for all the simulations the allowed length L of
the channels is determined as: L=Pe(0.2W)3/(HLh),
so to avoid reactant crossover.
The second significant characteristic in the oxy-
gen concentration evolution is the formation of a
depletion boundary layer along the cathode. As oxy-
gen reacts at the cathode catalytic surface, close to
the electrode the fluid becomes depleted of free oxy-
gen. The growth rate of the depletion layer toward
the outlet of the channel is similar with that of the
diffusion layer indicating that due to the characteris-
tic laminar flow of the cell, the reactant transfer
toward the electrodes is mediated primarily by dif-
fusion. This has a dramatic effect on the functioning
of the cell, as the diffusional transport is relatively
slow. The effect of the inefficient reactant transfer
toward the electrodes can be readily seen if the cur-
rent density through the cathode electrode is
mapped based on the surface reaction rates. As
shown in Figure 4, the current density is at a maxi-
mum at the inlet of the fuel cell and then diminishes
rapidly toward the outlet, indicating that most of the
reaction takes place before the depletion layer is
formed. This negatively impacts efficiency of the
cells, and also raises technical concerns in regard
with the non-uniform current distribution and possi-
ble hot spots on the electrodes.
One strategy to mitigate somewhat the efficiency issue is to
design cells with high aspect ratio =width (W)/height (H)
(Figure 5) [19, 23, 31]. As the aspect ratio of the cell is
increased, while the flow and reactant concentration profiles
share the same general features, the larger width allows for
the channels to be made longer before the reactant crossover
associated with the expansion of the diffusion layer affects
their functionality. The increased residence time of the fuel/
oxygen in the cell associated with the increased channel
length, allows for more oxygen to diffuse across the barrier
layer and sustain the reaction at the cathode. Nevertheless, the
achieved efficiencies (i.e., the ratio between the reactant flux at
the outlet and the inlet, respectively) are modest ~15% (Figure
5b) since the reactant transport remains diffusion based and
the length of the cell is still limited by the expansion of the
interface layer between the fuel and oxidizer. Also, the
decrease in the volume energy density of the cell associated
with the larger widths/lengths outpaces the gains in effi-
ciency.
It is thus apparent that improvement of the microchannel
based fuel cell efficiency is dependent on overcoming the slow
diffusional reactant transport across the depletion boundary
layer. The challenge in achieving this is similar with that
encountered in designing microreactors where the laminar na-
ture of the fluid flow and the slow diffusional transport hinder
the volume mixing of chemical reactants. One of the strategies
employed in promoting reactant transfer in diffusion limited
microchannel reactors, that is transferable to the case of mem-
brane-less fuel cells, is channel surface modification
[25, 26, 29]. Essentially, this method relies on the addition of a
system of ridges/grooves to the bottom and/or top surface of
the microfluidic channel (Figure 6). In these geometries, the
resistance to the axial motion of the fluid presented by the
slanted ridges, transfers momentum from the longitudinal
flow into transversal components. In particular for the case of
the modified fuel cells presented here, velocity field calcula-
tions show the formation of counter-rotating transversal flows
on the sides of the channel. As shown in Figure 6c, for the
particular ridge orientation employed, i.e., angled toward the
outlet, the transversal flow patterns drive the reactants form
the center of the channel toward the middle of the catalytic
surfaces and then across them, maximizing the contact
between the reactants and the electrodes. Thus, the chemical
species advection induced by these surface modifications,
effectively provide the means for mass transfer from the reac-Fig. 4 Current density map for the cathode electrode for Pe=500.
Fig. 5 (a) Cross sections of the oxygen concentration profiles at the outlet of chan
nels with different aspect ratios at Pe=500 (note: the aspect ratio is defined as the
ratioW/H between the width of the channelsW and their height H); (b) aspect ratio
dependence of the oxygen consumption ratio (note: the consumption rates are calcu
lated by integrating the reactant flux across the entrance in the main channel and
across the outlet, respectively).
tant rich center of the channel to the depleted regions near the
electrodes and mitigate the limits on the efficiency of the fuel
cell imposed by the slow diffusional transport. The outcome of
the increased reactant transfer toward the catalytic surfaces is
immediately apparent in the oxidant concentration profiles
along the channels as shown in Figure 7 for fuel cells with
aspect ratio 1.5. For the designs with surface modifications,
the depletion region is narrower and the average and maxi-
mum oxidant concentration at the outlet are reduced indicat-
ing better fuel utilization as expected based on the induced
convective contribution to the reactant transport toward the
electrodes. This effects are more pronounced in the cells with
structures on both the top and bottom of the channel, in corre-
lation with the better developed transversal flows in these
cases.
Given that the performance of the surface modified cells is
dependent on the induced transversal flows it becomes impor-
tant to maximize them. The strength of these flow patterns is
determined by the longitudinal pressure gradient between the
inlet and outlet and by the geometrical parameters defining
the ridge/groove structures that include: the angle q with
respect to the channel axis; the groove’s depth h, width w, and
length l; and the spatial periodicity s. Thus, the search space
for the optimal geometrical parameters is quite large. Fortu-
nately, a large body of experimental, analytical, and computa-
tional work, on passive straight channel micromixers, has
been dedicated to their geometry optimization [32 35]. Some
of the determined geometrical dimensions that ensure maxi-
mization of the transversal flow components and vorticity
include: ridge orientation q= 45 with respect to the fluid flow
direction [25]; ridge depth as a function of the main channel
height h= 0.25H [32, 33]; ratio of groove width w to pitch s
~0.5 to 0.7 [26, 36]. Thus for the fuel cells modeled (aspect
ratio = 1.5,W= 150mm; H= 100mm) in correlation with the pre-
vious optimization work the dimensions chosen were
h= 50mm, w= 65mm, and s=115mm, respectively. It has to be
noted though, that while the optimization work on inducing
transversal flows in micromixers is a valuable resource in
guiding the geometrical parameter choice for our fuel cell
design, its scope is mainly concerned with maximizing vol-
ume mixing rather than directing mass transport toward spe-
cific surfaces. This is an important difference, since while the
transversal component added to the flow has the beneficial
effect of mitigating the reaction depletion near the electrodes,
it can also disturb the integrity of the virtual membrane at the
liquid liquid interface between the fuel and oxidant streams.
Disruption of the diffusion layer, which constitutes the physi-
cal barrier separating the reactants can be detrimental to the
functioning of the cell, as a fraction of the chemical species can
be advected to the incorrect side of the cell (i.e., oxidant to the
anode and fuel to the cathode, respectively) leading to
increased reactant crossover. This effect can be mitigated by
the careful choice of the length parameter l of the ridges,
which is one of the primary factors determining the extent by
which the transversal flows extend into
the diffusion layer region. To quantify the
influence of the ridge length on the per-
formance of the cells, channels with
ridges with lengths up to W 2
p
/2, i.e.,
spanning the entire width of the channels,
were investigated (Figure 8). As the ridge
length is increased, the efficiency of the
cells monotonously increases in relation
with the larger contact area between the
fluid stream and the flow modifying fea-
tures and consequently the increased
fluid-structure interaction. As expected,
monitoring the oxygen concentration at
the outlet shows that the increased effi-
ciency is accompanied by a slight unde-
sirable increase in the oxygen concentra-
tion near the anode. However, this
increase is minimal when compared with
the residual oxygen concentration in the
unmodified channels (Figure 8b). More-
Fig. 6 (a) Modified microchannel designs using ridges on the top and
bottom of the channel; (b) planar projection of the ridge structure with
the basic parameters defining its geometry; (c) arrow plot of the transver
sal flows generated by the system of slanted ridge/grooves (Pe=750).
Fig. 7 (a) Evolution of the oxygen concentration along the channel for cells with various geome
tries; (b) oxygen concentration profiles at the outlet (for all the channels shown W=150mm,
H=100mm, and Pe=750).
over, since as shown in Figure 8a, the efficiency of the cells pla-
teaus as the ridges’ length is increased, in all the following
studies the l parameter is limited to 0.75 of the maximum pos-
sible value. This allows the cells to operate close to the maxi-
mum achievable efficiency, while leaving the central part of
the channel free of surface modification, and thus ensuring
that the transversal flows are primarily localized near the elec-
trodes and their effect is minimized in the diffusion region
near the center of the channel.
The superiority of the ridged channels is also revealed by
the current density profiles across the cathode (Figure 9).
While for the unmodified channels the electrochemical reac-
tions are quickly suppressed after the formation of the deple-
tion layers, current density maps for the ridged channels illus-
trate the ability of the transversal flows to continually
replenish the reactant near the electrodes and sustain the elec-
trochemical reactions. The relationship between the extent of
the transversal mass transport induced by the surface modifi-
cations and the local reaction efficiency is partic-
ularly evident when comparing current density
maps in channels with ridges only on the bottom
surface, with channels containing ridges on both
boundaries. In the former, the reaction rate is
clearly maximized only near the modified sur-
face. Modifying both surfaces as in the later
design ensures uniform utilization of the entire
electrode surface.
Based on the strong correlation between the
increased reactant utilization rates and the pres-
ence of the transversal flows, one expects that
increasing the strength of the cross-sectional
transport will lead to higher efficiencies. One
straightforward way to increase the strength of
the cross-sectional flows in our design is to oper-
ate the fuel cell at higher Pe´clet numbers, i.e.,
higher inlet speeds. In essence, increased flow
rates correlate with stronger fluid ridge struc-
ture interaction and consequently more momen-
tum transfer toward cross-sectional flows and
increased reactant transport across the depletion layer. Fig-
ure 10 shows results for the utilization rates extracted from
simulations of the fluid flow and reaction kinetics at increas-
ing Pe´clet numbers. As expected the efficiency of the cells with
surface modifications, steadily improves as the flow rate is
increased. Similar performance improvements have been
recently observed experimentally in a co-laminar boron-
hydride cell with surface modifications [37]. However, due to
the electrolyte used and the higher potential associated with
the reactants employed in the study, a quantitative assessment
of the effect of the ridge/groove structures on the performance
of the cell could not be easily made [9]. The current study indi-
cates that the performance can correlate strongly with the
presence of surface modifications, as a similarly dramatic
increase of the efficiency at high Pe´clet numbers is not ob-
served in channels without surface modifications (Figure 10).
This is because in unmodified designs there is no mechanism
to translate the high flow rates into increased cross-sectional
transport.
Fig. 8 Ridge length dependence of the (a) oxidant consumption rate and (b) oxygen
contamination at the anode, respectively (note: the oxygen contamination is normalized
by the maximum oxygen concentration in the cell).
Fig. 9 Current density for channels with various geometries. For all the
channels shownW=150 mm, H=100mm, and Pe=750).
Fig. 10 Comparison of the cell performance as a function of the Pe´clet
number for the unmodified and surface patterned channels.
One of the advantages of the proposed solution to the reac-
tant utilization problem in membrane-less fuel cells is its
potential for seamless integration with other strategies pre-
viously used for improving their performance. As an example,
the surface modifications proposed can be easily integrated in
designs using hydrodynamic focusing, where a stream of buff-
er fed into the channel is used to push the reactants against
the electrodes and diminish the extent of the depletion layer.
An analysis of the performance of this design (Figure 11b)
shows a very good performance in terms of reactant consump-
tion rate. Operation of this type of cells at high Pe´clet numbers
leads to almost a doubling in terms of reactant utilization effi-
ciency relative to unmodified straight channel cells and a simi-
lar increase in the average current density. Moreover, the
increased width of the interface layer between the fuel and
oxidizer, associated with the presence of the buffer stream
makes the diffusion layer less susceptible to disruption by the
transversal flows that promote the transport of fuel and oxidi-
zer toward the active surfaces. As shown in the oxygen con-
centration cross-section at the outlet (Figure 11a) for the ridge
channel + buffer inlet, the disturbance in the interface layer
between the oxygen and fuel streams and the reactant cross-
over are minimal.
4 Summary
Simulations of fluid flow, reactant transport, and surface
reactions in microchannel fuel cells have been used to identify
strategies for promoting efficient reactant consumption.
Inspired from the use of surface modification strategies in
microreactors to manipulate fluid flow, a new type of micro
fuel cell using a slanted ridge/groove geometry has been
investigated. The use of ridge structures promotes transversal
flows close to the catalytic electrodes and thus mitigates the
reactant depletion in the active region due to slow diffusion.
The improvement in the efficiency of the cells is larger at high
flow rates due to the maximization of the transversal compo-
nents of the flow. Surface pattering of the channels are easily
integrated with previously studied strategies to address these
challenges, such as the addition of a buffer layer between the
reactant streams. In this type of designs, we achieved a dou-
bling of the fuel utilization when compared with the unmodi-
fied cells. Thus, the methods described demonstrate the poten-
tial to break the trade-off between achieving high fuel
utilization and high current density, when operating in the
high Pe´clet number regime.
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